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Abstract

Chang’e-5 and Chang’e-6 are lunar sample return missions in China’s lunar exploration program. In these missions, high-resolution
landing site mapping and lander localization were performed to support mission operations and scientific investigations of the
landing sites. The mapping and lander localization results also provided key information to provenance analysis of the samples. This
paper presents a review of the landing site mapping and lander localization techniques and results in the two missions, including
landing site topographic mapping using orbital images before landing, landing site topographic mapping using descent images after
landing, lander localization, crater mapping and scientific applications, such as surface age determination, lunar chronology function

update, and regolith thickness estimation.

1. Introduction

China’s lunar exploration program, also known as Chang’e
project, is divided into three phases: orbiting, landing and
sample return. Since 2007, China has successfully carried out
Chang’e-1 (Ouyang et al., 2010) and Chang’e-2 (Ye et al., 2013)
orbiter missions, Chang’e-3 (Li et al., 2015) and Chang’e-4
(Wu et al., 2019) landed rover missions, and Chang’e-5 (CE-5)
(Zhou et al., 2022) and Chang’e-6 (CE-6) (Li et al., 2024)
sample return missions. In addition to remote sensing and in-
situ data provided by orbiter, landers and rovers, lunar samples
are of paramount importance to lunar science and have
contributed significantly to our understanding of the minerology,
geology and evolution history of the Moon (Papike et al., 1998;
Meyer, 2010). Prior to the CE-5 mission, the last lunar
sampling missions in Apollo and Luna programs were Apollo
17 and Luna 24, which were 48 and 44 years respectively
before CE-5. Additionally, all previous Apollo and Luna
missions collected samples from the near side of the Moon.

CE-5, China’s first unmanned lunar sample return mission, was
launched on 24 November 2020, landed in Northern Oceanus
Procellarum of the Moon on 1 December 2020, and returned
1731 g samples to Earth on 17 December 2020 (Zhou et al.,
2022).

CE-6 is the world’s first sample return mission from far side of
the Moon. Just like CE-5, CE-6 probes include an orbiter, a
lander, an ascender and a returner. CE-6 was launched on 3
May 2024, landed in Apollo basin inside the South Pole-Aitken
(SPA) basin on the far side of the Moon on 2 June 2024, and
returned 1935.3 g samples to Earth on 25 June 2024 (Liu et al.,
2024; Li et al., 2024).

We performed high-resolution landing site mapping and lander
localization to support mission operations of CE-5 and CE-6

missions and various scientific investigations of the landing
sites. The mapping and lander localization results also provided
key information to provenance analysis of the samples. This
paper presents a review of the technologies and results of
landing site mapping and lander localization, and their
engineering and scientific applications. Relevant work and
results from some other teams are also included and cited.

2. Landing Site Topographic Mapping Before and After
Landing

The landing site of CE-5 is in the Rimker region in northern
Oceanus Procellarum, which experienced long and complex
volcanic activity, with the eastern mare units being among the
youngest mare basalts on the Moon (Qian et al., 2018). The
returned samples have addressed significant issues, e.g., age and
composition, lunar volcanism and thermal evolution (Che et al.,
2010; Hu et al., 2021; Li et al., 2021; Tian et al., 2021). The
landing site of CE-6 is in the southern basalt part of the Apollo
basin. The lunar samples from this unique site are expected to
address significant issues such as the ages of the SPA and the
Apollo basins, mineral compositions of the lunar mantle, early
impact history of the Moon, and farside volcanic history (Zeng
et al., 2023; Yue et al., 2024). Landing site mapping provided
the fundamental data for topographic, geomorphologic and
geologic analyses of the landing sites.

2.1 Landing Site Topographic Mapping Using Orbital
Images Before Landing

Due to the uncertainties in orbit and attitude measurements,
imaging sensor calibration, and timing, etc., the geometric
models of the orbital images, either the rigorous sensor models
(RSMs) or the fitted rational function models (RFMSs), are not
error-free (Mazarico et al., 2012; Speyerer et al., 2016; Di et al.,
2019, 2020). Lunar surface mapping directly using the original
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RSMs or RFMs usually result in notable positional errors and
inconsistencies among images of neighbouring orbits.
Photogrammetric  block adjustment technique for high-
resolution lunar orbital images has been developed for large
area seamless digital orthophoto map (DOM) generation,
through which the geometric inconsistencies among the images
of neighbouring orbits can be reduced from tens of pixels to 1
pixel level (Di et al., 2019). The systematic method consists of
two major steps: RFM-based subarea planar block adjustment,

and thin-plate-spline-based image registration of subarea DOMs.

The first step improves the relative positional consistencies of
the high-resolution images to subpixel level and ties the images
to the control source (i.e., a DEM); the second step reduces the
geometric inconsistencies between two neighbouring subarea
DOMs and ensures the final DOM mosaic being geometrically
seamless throughout the entire area (Di et al., 2019).

Based on the developed method, we produced a 1.5 m/pixel
seamless DOM of the CE-5 landing area using 765 Lunar
Reconnaissance Orbiter Camera (LROC) Narrow Angle Camera
(NAC) images (Robinson et al., 2010), with SLDEM2015
(Barker et al., 2016) as the control source (Di et al., 2019). This
high-resolution DOM covers an area of 413.8 km x 121.4 km
(see Fig.1) and has served as one of the basemaps for detailed
topographic and geomorphologic analyses of the landing site
before landing and for lander localization after landing.
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Figure 1. Seamless DOM mosaic (1.5 m/pixel) of the CE-5
planned landing area (Di et al., 2019).
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For CE-6 mission, we produced a 3 m/pixel DOM (246 km x
135 km, within the large red rectangle in the top map of Figure
2) of the pre-selected landing area using 743 LROC NAC
images with SLDEM2015 as the control source. We also
produced a 1 m/pixel DOM (30 km x 10 km, the bottom map of
Figure 2, corresponding to the small red rectangle of the top
map) of the planned landing area using 17 LROC NAC images.
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Figure 2. DOMs of the CE-6 planned landing area with 3 m and
1 m resolutions.

A 1 m/pixel digital elevation model (DEM) was generated from
the 1 m/pixel DOM using shape from shading and deep learning
techniques (Liu et al., 2022). Based on these maps, we
performed slope analysis, crater density analysis and rock
abundance analysis, to support detailed landing site selection.
The DOMs were also used in lander localization after landing.

2.2 Landing Site Topographic Mapping Using Descent
Images After Landing

During the descending and landing process, about 240 images
with a size of 2352 x 1728 pixels were taken by the descent
camera onboard the CE-5 lander from an altitude of 9 km until
touchdown (Wang et al., 2021). Eighty-seven descent images
taken from 3.9 km to 11 m altitudes were selected to generate
high-resolution DOMs and DEMs (Bo et al., 2022), providing a
data basis for detailed analysis of the geology and topography of
the landing site, and provenance analysis of the samples (Jia et
al., 2022). Figure 3 shows the DOMs 0.5 m/pixel and 0.05
m/pixel, covering ~1,990 m x 1,900 m and ~260 m x 240 m,
respectively. Figure 4 shows the DEM of 0.1 m grid spacing
covering the same area of Figure 3a.

@ (b)
Figure 3. DOMs of 0.5 m/pixel (a) and 0.05 m/pixel (b)
(corresponding to the small rectangle in (a)) in the CE-5 landing
site produced from descent images (Bo et al., 2022).
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Figure 4. DEM of 0.1 m grid spacing in the CE-5 landing site
produced from descent images (Bo et al., 2022).
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In CE-6 mission, about 300 descent images were acquired
during the descending and landing process from an altitude of
about 10 km until touchdown. Sixty descent images taken from
3.9 km to 11 m altitudes were selected to generate DOMs and
DEM s of the landing site with resolutions of 0.3 m and 0.03 m.
These maps are being utilized for detailed crater mapping and
morphologic analysis.

3. Lander Localization

Immediately after CE-5 landing, lander localization was
conducted using descent images and orbital basemaps through
image feature matching (i.e., visual localization). The CE-5
lander location was determined to be (51.9162°W, 43.0584°N)
on the Chang’e-2 basemap and (51.9156°W, 43.0591°N) on the
LROC NAC (Image ID: M1132169436LE) DOM (see Figure 5)
(Wang et al., 2021). The image-based lander localization results
were also compared with the radio-tracking result for cross-
validation.
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Figure 5. CE-5 lander localization result on LROC NAC
basemap.

In CE-6 mission, the lander was localized through visual
localization method in a fully automated manner. A new descent
image simulation technique was developed based on orbital
basemaps and terrain data acquired before landing to automate
image matching between descent images and orbital basemaps.
The location of the CE-6 lander is determined to be
(153.9780°W, 41.6252°S) on the Chang’e-2 basemap,
(153.9855°W, 41.6384°S) on an LROC NAC basemap (Image
ID: M166854798LE) (see Figure 6), and (153.9856°W,
41.6383°S) being the average location of the lander from five
LROC NAC basemaps (Liu et al., 2024).
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Figure 6. CE-6 lander localization result on LR
basemap (M166854798LE).
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The lander localization results of CE-5 and CE-6 directly
supported engineering operations, e.g., planning of the ascender
lifting off from the lander and subsequent maneuvers, and they
are also valuable for comprehensive studies of the landing site
by using remote sensing and in-site data and studies on the
provenance of the samples (Wang et al., 2024; Liu et al., 2024;
Yue et al., 2024).

4. Crater Mapping and Scientific Applications

Impact craters are the most abundant landforms on the lunar
surface. Mapping and studying these craters provide valuable
insights into the Moon's geologic history, surface evolution, and
the composition of both surface and subsurface materials. As
crater density is one of the critical factors to consider when
selecting landing sites (Wu et al., 2020), the mapping and
statistical analysis of impact craters hold significant engineering
value. Several global databases of lunar impact craters larger
than 1 km already exist (Robbins, 2018; Wang et al., 2021),
while the extraction and analysis of smaller craters remain to be
conducted based on high-resolution images.

4.1 Crater Mapping and Surface Age Determination

Before CE-5 landing, crater mapping in the landing area was
conducted using the high-resolution LROC NAC basemap. The
resultant crater catalogue included 174,297 craters, of which
140,796 and 32,277 craters were larger than 100 m and 200 m,
respectively (Jia et al., 2020). Based on the crater catalogue, the
model ages of 9 geologic units in the landing area were
estimated using crater size-frequency distribution (CSFD)
method (Jia et al., 2020). In relevant studies, the model ages of
the geologic units estimated from CSFD are slightly different
from different teams, for example, the model age of geologic
unit Em4 (in which CE-5 landed) is 1.21 Ga (Qian et al., 2018),
1.49 Ga (Wu et al., 2018), and 2.07 Ga (Jia et al., 2020). This is
due to differences in data source, counting area, exclusion of
second craters, etc.
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Figure 7. Mapped craters (>200 m) in the CE-5 landing area

overlaying on the LROC NAC DOM (Jia et al., 2020).

Using the submeter and centimeter resolution DOMs and DEMs
generated from descent images, we have created a catalogue of
two group of small craters in the CE-5 landing area, and most of
the craters are smaller than 100 m in diameter. The first group
of 7,623 craters were measured from the 0.5 m/pixel DOM with

FingE 8. Distribution of all craters mapped from the 0.5
m/pixel (left) and 0.05 m/pixel DOMs (right) (Bo et al., 2022).

diameters ranging from 5 m to 371.2 m, and the second group
of 11,035 craters were measured from the 0.05 m/pixel DOM
with diameters ranging from 0.5 m to 112.7 m (Bo et al., 2022).
The completeness diameter of the first group is ~6.69 m and the
second one ~0.85 m. Figure 8 shows the mapped craters, with
the ones larger than or equal to the completeness diameter being
drawn with red circles and the smaller ones being drawn with
blue circles.

In CE-6 landing area, a total of 770,731 craters were extracted
automatically with a deep leaning method (Nan et al., 2025) in
the whole area of 246 km X 135 km, 511,484 craters of which
were within the mare area, where CE-6 landed (Wang et al.,
2024). Figure 9 shows the mapped craters (>200 m) in the CE-6
landing area. The mare area was divided into three geologic
units according to the TiO2 abundance derived from spectral
data, and their geologic model ages were estimated using the
CSFD method (Wang et al., 2024).
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Figure 9. The mapped craters (>200 m) in the CE-6 landing area
overlaying on the LROC NAC DOM (Wang et al., 2024).

Several other geological and chronological analyses of the CE-5
and CE-6 landing sites have been reported by different teams
with different focuses, e.g., provenance of the lunar samples,
volcanism, chronology, stratigraphy, geological context etc.
(Xie et al., 2020; Jia et al., 2022; Qian et al., 2024; Xu et al.,
2024; Yue et al., 2024).

4.2 Lunar Chronology Function Update based on Sample
Age and Crater Statistics

After CE-5 sample return and determination of the radiometric
age of the basalt sample of 2.030 +0.004 Gyr (Li et al., 2021),
the most widely used chronology model, Neukum 1983 model
(Neukum, 1983), was verified and updated using the sample age
and the crater size-frequency statistics (Jia et al., 2020) of the
landing site, resulting a more accurate chronology model that is
important for lunar surface dating and understanding of the
impact history of the inner solar system (Yue et al., 2022). This
new model has been included in the commonly used CSFD
software CraterSats (Michael, 2021) and applied in geological
and chronological studies of the Moon, e.g., geological
evolution studies of the CE-5 and CE-6 landing sites (Gou et al.,
2024; Qian et al., 2024; Wang et al., 2024; Xu et al., 2024; Yue
etal., 2024).

from  Crater

4.3 Regolith Estimation

Morphology

Thickness

Lunar regolith is the layer of fragmented and unconsolidated
material covering solid rock on the lunar surface. It holds
valuable information of the geologic processes and the space
environment. Regolith thickness can be estimated by the
dimensions of particular craters, i.e., concentric, flat bottomed,
and central mound craters (Quaide and Oberbeck, 1968; Bart et
al., 2011; Di et al., 2016).

In CE-5 landing area, 958 concentric craters were identified
from the high-resolution LROC NAC basemap, from which the
regolith thicknesses were estimated to be 0.74 -18.00 m, with a
mean of 7.15 m (Yue et al., 2019). A regolith thickness map (15
km grid) was obtained through spatial interpolation, providing
important information for understanding the formation and
evolution of the regolith in the landing area. Figue 10 shows the
mapped concentric craters and derivered roglith thiceness map
of the CE-5 landing area.

3.06m 14.67m

Figure 10. Distribution of concentric craters and dereived
median regolith thickness over the CE-5 landing area (Yue et al.,
2019).
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5. Conclusions

In CE-5 and CE-6 lunar sample return missions, landing site
mapping (including topographic mapping and crater mapping
and analyses) was conducted using orbital data and descent
images before and after landing. Mapping products such as
DOMs and DEMs are of meter level resolution from orbital data
and submeter to centimeter resolution from descent images.
Lander localization was performed by image matching between
descent images and orbital basemaps, especially in CE-6
mission, automated lander localization was achieved by
incorporating descent image simulation technique. The mapping
and localization results have greatly supported mission
operations such as landing, sampling and returning of the
samples, and various scientific investigations such as surface
age determination of geologic units of the landing sites, lunar
chronology function update using crater statistics and
radiometric age of the sample, lunar regolith estimation, etc.
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